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Abstract

responses to Fimeria infection.

Avian coccidiosis caused by Eimeria leads to severe economic losses in the global poultry industry. Although chicken
Toll-like receptor 15 (ChTLR15) was reported to be involved in Eimeria infection, the detailed mechanism underly-
ing its role in the inflammatory response remains to be discovered. The present study demonstrated that the mRNA
expression levels of ChTLR15, ChMyD88, ChNF-kB, ChNLRP3, ChCaspase-1, Chll-18 and ChIL-13 and the protein
levels of ChTLR15 and ChNLRP3 in cecal tissues of Eimeria-infected chickens were significantly elevated at 4, 12, and
24 h compared with those in noninfected control chickens (p <0.01). Moreover, the mRNA levels of molecules in

the ChTLR15/ChNF-kB and ChNLRP3/ChlL-13 pathways and the protein levels of ChTLR15 and ChNLRP3 in chicken
embryo fibroblast cells (DF-1) stimulated by E. tenella sporozoites were consistent with those in Eimeria-infected
chickens. Furthermore, overexpression of ChTLR15 in DF1 cells augmented activation of the ChTLR15/ChNF-«kB and
ChNLRP3/ChlL-183 pathways when stimulated with E. tenella sporozoites, while knockdown of ChTLR15 in DF1 cells
showed inverse effects. Taken together, the present study provides evidence that £. tenella sporozoites specifically
activate ChTLR15 and then trigger activation of the ChNLRP3/ChiL-1( pathway, which partially mediates inflammatory
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Introduction

Avian coccidiosis caused by the intracellular protozoan
Eimeria is responsible for severe economic losses in the
global poultry industry [1, 2]. Eimeria tenella is one of
the most pathogenic species because it invades chicken
cecum epithelial cells and causes severe pathological
lesions in the ceca. To date, the methods for preventing
and controlling coccidiosis still rely on conventional pro-
phylactic chemotherapy and attenuated parasite vaccines.
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However, long-term measures against coccidiosis have
gradually shown unavoidable drawbacks, including resi-
dues of chemical drugs in poultry meat, emergence of
Eimeria strains with drug resistance, and pathogenic
reversion of live parasite vaccines [3, 4]. Therefore, in
recent years, researchers have gradually focused on the
study of novel anticoccidial vaccines or drugs that are
safer, less expensive, and more effective. A deep under-
standing of the mechanism of parasite invasion into host
cells is a prerequisite for developing novel vaccines or
drugs. Although the invasion mechanism of Eimeria par-
asites is not clear, the activation of related signal trans-
duction pathways during Eimeria invasion into host cells
plays a vital role [5-7]. The identification of key signaling
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pathways involved in Eimeria infection and the explora-
tion of target inhibitors of signaling pathways may be a
promising method to develop novel strategies for con-
trolling coccidiosis.

Innate immunity is the first line of defense against
invading pathogens, and therefore, exploration of signal-
ing pathways involved in innate immunity is meaningful
for understanding inflammatory responses to Eimeria
infection and for finding novel drugs against coccidiosis.
Toll-like receptors (TLRs) are pattern recognition recep-
tors (PRRs) located on the cell surface that are responsi-
ble for recognizing conserved components of pathogens
that are typically called pathogen-associated molecular
patterns (PAMPs). Chicken TLR15 (ChTLR15) plays a
crucial role during intestinal pathogen infection [6, 8],
but ChTLR15 is not categorized as one of the known
TLRs, and its specific ligand remains elusive [9]. The
roles of ChTLR15 in intestinal injury caused by Eimeria
has not been reported to date. The NOD-like receptor 3
(NLRP3) inflammasome, assembled by the sensor pro-
tein NLRP3, adaptor protein ASC and Caspase, plays a
critical role in mediating inflammatory responses. Recent
studies have revealed that NLRP3 activation is closely
related to pathogenic bacteria and that the NLRP3/Cas-
pase-1/IL-1p signaling pathway responds to several types
of agonists and stimuli [10]. Recently, it was reported
that NLRP3 plays an important role during infection of
intracellular parasites, including Trypanosoma cruzi,
Toxoplasma gondii, Plasmodium spp., Leishmania spp.
and Neospora caninum [11-14]. However, the activation
mechanism of chicken NLRP3 (ChNLRP3) and its role in
the immune response to Eimeria infection have not been
reported until now.

Our preliminary results demonstrated that the mRNA
expression levels of molecules involved in the ChTLR15/
ChNF-xB and ChNLRP3/ChIL-1f pathways in the cecal
tissues of Eimeria-infected chickens were significantly
elevated compared with those in the cecal tissues of
noninfected control chickens (p<0.01). It is generally
accepted that the developmental stages of Eimeria in
the chicken intestinal tract within two days are mainly
sporozoites that invade intestinal epithelial cells and
initiate subsequent development. Based on our prelimi-
nary results, we speculated that the ChTLR15/ChNF-«B-
ChNLRP3/ChIL-1f signaling pathway may be specifically
activated by Eimeria sporozoites, which mediate inflam-
matory injury during Eimeria infection. It was reported
that chicken embryo fibroblast cells (DF-1) can be directly
invaded by Eimeria sporozoites and have been exten-
sively applied to study innate immune responses [15-17].
To verify the above hypothesis, the ChTLR15/ChNF-xB
and ChNLRP3/ChIL-1p signaling pathways were ana-
lyzed in DF1 cells at the transcriptional and protein levels
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using small interfering RNA (siRNA) and overexpression
technology. This study provides references for developing
novel strategies against coccidiosis based on inhibitors
of the ChTLR15/ChNF-kB-ChNLRP3/ChIL-1f signaling
pathway.

Materials and methods

Cells and parasites

The chicken embryo fibroblast cell line DF-1 was pur-
chased from ATCC (CRL-12203) and stored in our labo-
ratory. The E. tenella strain used in the present study was
originally isolated and stored in our laboratory, and it
was used in our previous report [18]. E. tenella oocysts
were propagated in 3-week-old specific pathogen-free
(SPF) chickens. Sporulated oocysts were preserved at 4
°C in 2.5% (w/v) potassium dichromate until use.

Preparation of polyclonal antisera against ChNLRP3

and ChTLR15 proteins

Total RNA was extracted from cecal tissues using TRI-
zol reagent (Invitrogen, USA) according to the manufac-
turer’s protocol. An objective ChNLRP3 gene fragment of
600 bp was amplified by the primer pair ChNLRP3/600-
F1 and ChNLRP3/600-R1 (Table 1) using prepared
c¢DNA as template. The amplified ChNLRP3 fragment
was cloned into the pET-30a vector (Novagen, Madi-
son, WI) to produce the plasmid pET-30a-ChNLRP3.
The above plasmid was transformed into E. coli BL21
competent cells to generate recombinant-positive E.
coli cells. When the optical density at 600 nm (OD600)
reached 0.5, the cultured positive bacteria were induced
by 1.0 mM isopropyl-b-p-thiogalactopyranoside (IPTG)
for 3 h at 37 °C. A polypeptide chain of ChTLR15
(5-KTTNEPLVRAENGPN-3’) synthesized by GenScript
(Nanjing) Co., Ltd. was used as an immunogen to pro-
duce polyclonal antisera against the ChTLR15 protein.
The expression and purification of ChNLRP3 protein and
production of polyclonal antisera against ChNLRP3 and
ChTLR15 protein were carried out according to previ-
ously reported methods [19].

Detection of prepared antisera

The titers of the prepared polyclonal antisera were tested
using indirect enzyme-linked immunosorbent assay
(ELISA) methods as described in a previous report [20].
Western blot was used to detect the two prepared poly-
clonal antisera as described by Wang et al. [21]. Briefly,
proteins extracted from chicken cecal tissues using RIPA
Lysis Buffer (Beyotime Biotechnology) were separated by
sodium dodecyl sulfate-polyacrylamide gel electropho-
resis (SDS-PAGE) and then transferred to nitrocellulose
membranes. The membranes were probed with prepared
rabbit anti-ChNLRP3 and anti-ChTLR15 polyclonal
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Table 1 Primer sequences with their corresponding PCR product size.

Genes Primers sequences (5-3’) Restriction recognition PCR

sites product
(base pairs)

ChNLRP3 ChNLRP3/600-F1 CGGGGTACCATGGCAGGAGAAGAAAGCACCAT Kpn | 600 bp
ChNLRP3/600-R1 CCGCTCGAGGTCAAACTGTGTGCAGAGGGTCC Xho'l

ChTLR15 ChTLR15/CDS-F1 ATAGAATTCATGAGGATCCTTATTGGG EcoR| 2607 bp
ChTLR15/CDS-R1 CCGCTCGAGTCATTCCATCTCAATTACA Xho'l

ChTLR15 ChTLR15-F GGCTGTGGTATGTGAGAATG - 113 bp
ChTLR15-R ATCGTGCTCGCTGTATGA -

ChMyD88 ChMyD88-F CTGGCATCTTCTGAGTAGT - 76 bp
ChMyD88-R TTCCTTATAGTTCTGGCTTCT -

ChNF-«B ChNF-kB —F TCTGAACAGCAAGTCATCCATAACG - 253 bp
ChNF-kB R AAGGAAGTGAGGTTGAGGAGTCG -

ChNLRP3 ChNLRP3-F GGTTTACCAGGGGAAATGAGG - 252 bp
ChNLRP3-R TTGTGCTTCCAGATGCCGT -

ChCaspase-1 ChCaspase-1-F TAAGCACTTGAGACAGCGGGACG - 245 bp
ChCaspase-1-R GGATGTCCGTGGTCCCATTACTC -

ChIL-1B ChIL-183-F TTCCGCTACACCCGCTCACAGT - 242 bp
ChIL-13-R CCGCTCATCACACACGACAT -

Chi-18 ChiL-18-F CAGCGTCCAGGTAGAAGATAAG - 210 bp
ChlL-18-R TCCTCAAAGGCCAAGAACAT -

B-actin B-actin-F GCCAACAGAGAGAAGATGACAC - 139 bp

B-actin-R GTAACACCATCACCAGAGTCCA

The restriction enzyme sites in primer sequences are underlined.

antisera. The membranes were washed twice with TTBS
(0.1% Tween 20, 50 mmol/L Tris—HCI, 150 mmol/l NaCl,
pH 7.5) and reacted with horseradish peroxidase (HRP)-
conjugated goat anti-rabbit IgG antibody (Sigma, USA).
After washing, the target immunoreactive bands were
visualized by an ECL chemiluminescence detection kit
(Sangon Biotech Co., Ltd, Shanghai, China) according to
the manufacturer’s instructions.

Expression levels of molecules in the ChTLR15

and ChNLRP3 pathways in chicken ceca

One-day-old white leghorn specific pathogen-free (SPF)
chickens purchased from Harbin Veterinary Research
Institute were randomly divided into three groups of
20 chickens each. Chickens were housed in individ-
ual cages and fed feed free of anticoccidials. At 21 days
of age, each chicken in group 1 (low dosage infection
group) was orally infected with 5000 E. tenella sporulated
oocysts (500 pL), group 2 (high dosage infection group)
with 30 000 E. tenella sporulated oocysts (500 uL), and
group 3 (control group) with 500 pL of PBS (pH 7.2). Five
chickens were randomly selected from each group at 4,
12, 24 and 72 h post-infection, and the ceca were sam-
pled for quantification of the mRNA expression levels of
ChTLR15, ChMyD88, ChChNF-kB, ChNLRP3, ChCas-
pase-1, ChIL-18 and ChIL-1p by quantitative real-time

PCR (qPCR) and quantification of the protein expression
levels of ChTLR15, ChNLRP3 and ChIL-1p by Western
blot. Briefly, total RNA was extracted from the ceca using
a GenElute " Total RNA Purification Kit (Sigma-Aldrich).
c¢DNA was synthesized from 1 pg of total RNA using the
Prime Script RT Reagent Kit. qPCR was carried out using
SYBR® Premix Ex Taq" II (Tli RNase H Plus) (TaKaRa
Biotech Corp., Dalian, China) according to the manu-
facturer’s instructions. qPCR was performed following
the minimum information for publication of quantita-
tive real-time PCR experiments (MIQE) guidelines [22].
The mRNA expression levels of chicken B-actin in cecal
tissues proved stable in our preliminary experiment;
therefore, B-actin was used as a reference gene for nor-
malization. The primer pairs used in the present study
are listed in Table 1. For each 100-fold diluted cDNA
sample, the amplification efficiencies of all target genes
and reference genes were similar, and the 2-8ACt method
was used to analyze the relative quantification of tar-
get genes [23]. Cecal tissues (2 g) were homogenized in
2 mL of normal saline using a high-speed tissue homog-
enizer (Kinematica, Switzerland). Protein expression
levels of ChTLR15 and ChNLRP3 in cecal homogenates
were detected by Western blot as described by Wang
et al. [21]. The protein expression levels of ChIL-1p in
cecal homogenates were determined using an ELISA kit
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(Jiancheng Bioengineering Institute, Nanjing, China)
according to the manufacturer’s instructions. Animal
experiments were performed based on the regulations
(SRM-12) of the Ethics Committee for Animal Sciences
at Northeast Agricultural University, Heilongjiang Prov-
ince, PR China.

Sporozoite purification and stimulation of DF1 cells
Sporozoites were purified from E. tenella sporulated
oocysts according to the methods described in a previ-
ous report [18] and then adjusted to a concentration of
4 x 10°/mL. Chicken DF1 cells were seeded in a 6-well
plate at 1.5 x 10° cells per well and cultured in DMEM
(Sigma) with 10% FBS (Gibco) at 41 °C. Then, monolayer
DF1 cells were stimulated with 4 x 10° sporozoites per
well.

Expression levels of molecules in the ChTLR15

and ChNLRP3 pathways in DF1 cells

To clarify the expression levels of molecules in the
ChTLR15/ChNF-kB-ChNLRP3/ChIL-1f signaling path-
way, DF1 cells were stimulated with sporozoites. At 0, 2,
4, 6, and 8 h post-stimulation, cells in each group were
collected to quantify the mRNA levels of ChTLRI15,
ChMyD88, ChNF-kB, ChNLRP3, ChCaspase-1, ChIL-
18 and ChIL-1p using qPCR. Total RNA was extracted
from cells using a GenElute™" Total RNA Purification Kit
(Sigma-Aldrich) according to the manufacturer’s instruc-
tions. cDNA preparation and qPCR were performed
using the Prime Script RT Reagent kit and SYBR® Premix
Ex Taq " II (Tli RNase H Plus) (TaKaRa Biotech Corp.,
Dalian, China), respectively. The primer pairs used for
qPCR are listed in Table 1. Chicken B-actin was used as a
reference gene. Data were analyzed by the 274t method
[23]. At O, 2, 4, 6, and 8 h post-stimulation, the protein
expression levels of ChTLR15 and ChNLRP3 in DF1 cells
were detected by Western blot as described by Wang
et al. [21], and the protein expression levels of ChIL-1f in
the culture supernatant were determined using an ELISA
kit (Jiancheng Bioengineering Institute, Nanjing, China).

Interference of ChTLR15 in DF1 cells

To investigate the relationship between ChTLR15/
ChNF-xB and the ChNLRP3/ChIL-1B pathway, inter-
ference with ChTLR15 was performed based on the
small interfering RNA (siRNA) technique. Three siR-
NAs for ChTLR15 (siChTLR15#1, siChTLR15#2 and
siChTLR15#3) were designed and synthesized by Gen-
Script (Nanjing) Co., Ltd. (Table 2). To ensure the
transfection efficiency of the three target siRNAs, the
concentrations of terminal fluorescently labeled siRNA
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Table 2 Sequences of siRNA for ChTLR15.

Name of siRNA Sequences (5’-3/)

ChTLR15#1 CGACAUGCGAUAUUAGUAATT
UUACUAAUAUCGCAUGUCGTT
ChTLR15#2 GAAGUUAUCUAAAUUAGAATT
UUCUAAUUUAGAUAACUUCTT
ChTLR15#3 GAGCGUUCUGACUGUUCAATT

UUGAACAGUCAGAACGCUCTT

(FAM Negative Control) and Lipofectamine 2000
(Thermo Fisher Scientific) were optimized. Briefly, 4 pL,
5 pL and 6 pL of Lipofectamine 2000 (Thermo Fisher Sci-
entific) were added to each well (1.5 x 10° cells per well)
in 6-well plates. Then, final concentrations of 40 nM,
50 nM and 60 nM FAM negative control were added.
The transfection effects were observed by fluorescence
microscopy.

To evaluate the interference effects of siChTLR-
15RNA#1, siChTLR15RNA#2 and siRNAChTLR15#3,
three target siRNAs and negative control (NC) siRNA
were transfected into DF1 monolayer cells (1.5 x 10°
per well) according to the optimized conditions. At 24 h
post-transfection, DF1 cells in each well were stimu-
lated with 4 x 10° sporozoites for 2 h. Cells transfected
with negative control (NC) siRNA and stimulated with
(NC+ Stim) or without (NC+ Unstim) sporozoites were
used as controls. The interference efficiency of the three
target siRNAs was determined by quantifying the mRNA
expression levels of ChTLR15, and the target siRNA
showing the highest interference efficiency was chosen
for subsequent experiments.

Expression levels of molecules in the ChNLRP3 pathway

in ChTLR15-knockdown DF1 cells

Monolayer DF1 cells (1.5x10° cells per well) in a
6-well plate were treated with the selected ChTLR15
siRNA for 2 h and then stimulated with 4 x 10° puri-
fied E. tenella sporozoites per well. At 0, 2, 4, 6, and
8 h post-stimulation, cells in each group were collected
to quantify the mRNA expression levels of ChTLR15,
ChMyD88, ChNF-«kB, ChNLRP3, ChCaspase-1, ChIL-18
and ChIL-1p by qPCR as previously described. Protein
expression levels of ChTLR15 and ChNLRP3 in cells were
detected by Western blot as described by Wang et al.
[21]. ChIL-1P protein expression levels in culture super-
natant were determined using an ELISA kit (Jiancheng
Bioengineering Institute, Nanjing, China). Cells trans-
fected with negative control (NC) siRNA and stimulated
with (NC+ Stim) or without (NC+ Unstim) sporozoites
were used as controls.
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Overexpression of ChTLR15 in DF1 cells

The gene fragment encoding the ChTLR15 protein was
amplified by the primer pair ChTLR15/CDS-F1 and
ChTLR15/CDS-R1 (Table 1) using cDNA prepared from
cecal tissues as a template. The amplified fragment was
cloned into the pCMV vector (Novagen, Madison, WI)
to construct the plasmid pCMV-ChTLR15. The above
positive plasmid (4 pg) was transfected into DF1 mon-
olayer cells (1.5 x 10° cells per well) cultured in a 6-well
plate using Lipofectamine 2000 (Thermo Fisher Scien-
tific) according to the manufacturer’s protocol. At 0, 12,
24, and 36 h post-transfection, the expression levels of
ChTLR15 protein were detected by Western blot as pre-
viously described to determine the optimal time for over-
expressing ChTLR15 protein in DF1 cells.

Expression levels of molecules in the ChNLRP3 pathway

in ChTLR15-overexpressing DF1 cells

At 36 h post-transfection with pCMV-ChTLR15, DF1
monolayer cells (1.5 x 10° cells per well) in each group
were stimulated by 4 x 10° sporozoites per well. Cells
transfected with the empty plasmid pCMV and stimu-
lated with or without sporozoites were used as controls.
At 0, 2, 4, 6, and 8 h post-stimulation with sporozoites,
cells in each group were collected to quantify mRNA
levels of ChTLR15, ChMyD88, ChNF-kB, ChNLRP3,
ChCaspase-1, ChIL-18 and ChIL-1p by qPCR, and data
were analyzed as previously described [23]. Protein
expression levels of ChTLR15 and ChNLRP3 in cells were
determined by Western blot as described by Wang et al.
[21]. The supernatant medium from each group was col-
lected for detection of ChIL-1p protein using an ELISA
kit (Jiancheng Bioengineering Institute, Nanjing, China).
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Cells transfected with empty plasmid pCMV and stimu-
lated with (pCMV + Stim) or without (pCMV + Unstim)
sporozoites were used as controls.

Statistics analysis

The grey values of Western blot images were quan-
tified by Image] software. Data are expressed as the
means =+ standard deviation (SD) and subjected to one-
way analysis of variance (ANOVA). ANOVA with Tukey’s
multiple-comparison procedures in GraphPad Prism 5
software [24] was used to compare differences between
mean values. The results were considered significant at
p<0.05 and highly significant at p<0.01.

Results

Detection of polyclonal antisera against ChNLRP3

and ChTLR15

The polypeptide chain of ChTLR15 and the purified
recombinant ChNLRP3 protein were used to immunize
rabbits. The titers of the prepared polyclonal antisera
against ChNLRP3 and ChTLR15 were both 1:2'7. Pro-
tein bands of approximately 85 kDa and 130 kDa were
observed corresponding to the molecular weights of the
ChNLRP3 and ChTLR15 proteins, respectively (Figure 1),
which shows that the two prepared polyclonal antisera
specifically react with the target protein.

Expression levels of molecules in the ChTLR15

and ChNLRP3 pathways in the ceca

At 4, 12 and 24 h post-infection (pi) with E. tenella,
the mRNA expression levels of ChTLR15, ChMyD88,
ChNF-kB, ChNLRP3, ChCaspase-1, ChIL-1 and
ChIL-18 (Figure 2A) in the ceca of chickens from the
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M, protein molecular weight marker (Fermentas).
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Figure 1 Characterization of prepared polyclonal antisera by Western blot. Proteins extracted from chicken cecal tissues were separated by
SDS-PAGE, transferred to nitrocellulose membranes, and then reacted with the prepared rabbit polyclonal antisera against ChNLRP3 and ChTLR15.
Membranes were washed and then probed with goat anti-rabbit HRP-conjugated IgG antibody (Sigma, USA). The bands for ChNLRP3 and ChTLR15
proteins were observed. A Lane 1, ChNLRP3 protein (85 kDa). M, protein molecular weight marker (Fermentas). B Lane 1, ChTLR15 protein (130 kDa).
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Figure 2 Expression levels of molecules in the ChTLR15/ChNF-kB-ChNLRP3/ChIL-1 signaling pathway axis in cecal tissues of
Eimeria-challenged chickens. Twenty-one-day-old specific pathogen-free (SPF) chickens were randomly divided into three groups. Each chicken
in group 1 (low dosage infection group) was orally challenged with 5000 £. tenella sporulated oocysts, group 2 (high dosage infection group)

with 30 000 £. tenella sporulated oocysts, and group 3 (control group) with 500 ulL of PBS (pH 7.2). Ceca from chickens in each group (n=5) were
sampled at 4, 12, 24 and 72 h post-infection. A mRNA expression levels of ChTLR15, ChMyD88, Ch ChNF-kB, ChNLRP3, ChCaspase-1, ChIL-18

and ChlL-1B were quantified by quantitative real-time PCR (QPCR). Chicken 3-actin was used as a reference gene. B Protein expression levels of
ChTLR15 and ChNLRP3 were determined by Western blot. Capital letter C represents the control group; L represents the low-dosage infection
group; H represents the high-dosage infection group. C Protein levels of ChiL-13 in cecal tissues were determined using an ELISA Kit (Jiancheng
Bioengineering Institute, Nanjing, China) according to the manufacturer’s instructions. *Indicates a significant difference (*p <0.05, “p <0.01,

e

p<0001).
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two infected groups were all significantly higher than
those in the control group (p <0.05). For the high-dos-
age infection group (challenged with 30 000 sporulated
oocysts), the mRNA expression levels of all mole-
cules reached peak levels at 4 h pi and then gradually
decreased at 12, 24 and 72 h pi but were still signifi-
cantly higher than those of the control group (p <0.05).
For the low-dosage infection group (challenged with
5000 sporulated oocysts), the mRNA expression levels
of all target molecules gradually increased and reached
peak levels at 12 h pi and then gradually decreased at 24
and 72 h pi but were still significantly higher than those
of the control group (p<0.01). The protein expres-
sion levels of ChTLR15 and ChNLRP3 (Figure 2B) and
ChIL-1p (Figure 2C) in the ceca of Eimeria-infected
chickens exhibited similar dynamic changes at 4, 12,
24 and 72 h pi. These results indicated that both the
ChTLR15/ChNF-kB and ChNLRP3/ChIL-1B pathways
were activated in the sporozoite stage during E. tenella
infection.

Expression levels of molecules in the ChTLR15

and ChNLRP3 pathways in DF1 cells

At 2, 4, 6 and 8 h post-stimulation with sporozoites,
the mRNA expression levels of ChTLR15, ChMyDa88,
ChNF-kB, ChNLRP3, ChCaspase-1, ChIL-1f and
ChIL-18 (Figure 3A) and the protein expression levels
of ChTLR15 and ChNLRP3 (Figure 3B) in DF1 cells
stimulated by sporozoites were significantly higher
than those in cells without stimulation (p<0.01). The
protein expression levels of ChIL-1B in the superna-
tants of stimulated cells were also significantly higher
than those in cells without stimulation (p <0.01) (Fig-
ure 3C). The above results further showed that both the
ChTLR15/ChNF-kB and ChNLRP3/ChIL-1p pathways
were activated by E. tenella sporozoites.

Interference with ChTLR15 downregulated the expression
of molecules in the ChNLRP3 pathway

The RNA interference technique was used to knock
down the expression of ChTLR15 in DF1 cells. The
results showed that the mRNA expression levels of
ChTLR15 in DF1 cells were significantly downregu-
lated at a final concentration of 50 nM siChTLR15#1
and 5 pL of Lipofectamine 2000 (p<0.01) (Figure 4).
At 2, 4, 6 and 8 h post-stimulation with sporozoites,
the mRNA expression levels of all molecules in the
ChTLR15/ChNF-kB and ChNLRP3/ChIL-1B pathways
(Figure 5A), protein expression levels of ChTLR15
and ChNLRP3 (Figure 5B) in cells, and ChIL-1f pro-
tein levels in the supernatant of ChTLR15-knockdown
cells were all highly significantly downregulated com-
pared to cells in the negative control (NC) groups with
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(NC+Stim) or without (NC+ Unstim) stimulation
by sporozoites (p<0.001) (Figure 5C). The dynamic
changes and tendencies of molecules in the ChTLR15/
ChNF-kB pathway were consistent with those in the
ChNLRP3/ChIL-1B pathway, which suggested that E.
tenella sporozoites specifically activated the ChTLR15/
ChNF-«B signaling pathway and then further triggered
the ChNLRP3/ChIL-1f pathway.

Overexpressed ChTLR15 upregulated the expression

of molecules in the ChNLRP3 pathway

At 36 h post-transfection with pCMV-ChTLR15, the
expression of ChTLR15 protein in DF1 cells was highly
significantly upregulated (p<0.01) (Figure 6A). At
0, 2, 4, 6 and 8 h post-stimulation with sporozoites,
the mRNA expression levels of all molecules in the
ChTLR15/ChNF-kB and ChNLRP3/ChIL-1p pathways
(Figure 6B), the protein expression levels of ChTLR15
and ChNLRP3 (Figure 6C) in cells, and ChIL-1f pro-
tein levels in the supernatant of cells transfected with
pCMV-ChTLR15 were all significantly higher than
those in pCMV-transfected cells with (pCMV + Stim)
or without (pCMV + Unstim) stimulation by sporozo-
ites (< 0.001) (Figure 6D). All molecules contained in
the ChTLR15/ChNF-kB and ChNLRP3/ChIL-1 path-
ways showed consistent varying tendencies, which
further clarified that E. tenella sporozoites specifically
activated the ChTLR15/ChNF-«B signaling pathway
and then triggered activation of the ChNLRP3/ChIL-1p
pathway to mediate inflammatory responses during
Eimeria infection.

Discussion

In recent years, researchers have realized that explo-
ration of inhibitors of important signaling pathways
involved in the stages of parasite invasion into host
cells may be a promising way to develop novel antico-
ccidial drugs. Toll-like receptors (TLRs) are protein
molecules that are closely related to innate immune
responses. While we focused on the roles of TLRs dur-
ing Eimeria infection, we are interested in ChTLR15.
To date, only a few articles have been published that
quantify ChTLR15 mRNA expression levels during
infection by parasites [6, 7, 25], bacteria [8, 26] and
viruses [27], all of which indicate that ChTLR15 plays
a vital role in immune responses against infections.
However, the agonist of ChTLR15 is still unknown.
In the present study, the results from animal experi-
ments revealed that at 4, 12 and 24 h pi with E. tenella,
the mRNA expression levels of ChTLR15, ChMyD88,
ChNF-kB, ChNLRP3, ChCaspase-1, ChIL-1f and
ChIL-18 in cecal tissues of chickens from the two
infected groups were significantly higher than those in
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the control group. The above results indicated that the
ChTLR15/ChNF-kB and ChNLRP3/ChIL-1f signaling
pathways were involved during E. tenella infection. It
is widely accepted that sporozoites are released from
sporulated oocysts after 1 to 2 days of development in
the chicken intestinal tract, which further suggests that
Eimeria sporozoites are strictly related to the activa-
tion of the ChTLR15/ChNF-kB and ChNLRP3/ChIL-1p
signaling pathways.

It was reported that the NLRP3 inflammasome plays a
crucial role in regulating the activation of inflammatory
responses to many pathogenic bacteria. During innate
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immune responses, NLRP3 recruits Caspase-1 to form
inflammatory corpuscles, and then activated Caspase-1
cleaves inactive pro-IL-1p and pro-IL-18 to become
active IL-1B and IL-18 and therefore induces inflam-
matory responses [28]. To date, the roles of ChNLRP3
in the immune responses to E. tenella infection have
not been reported. In the present study, considering
that the expression levels of key molecules involved in
both the ChTLR15/ChNF-kB and ChNLRP3/ChIL-1p
pathways were highly significantly upregulated in vivo
and in vitro, we postulated that E. tenella sporozoites
specifically activated the ChTLR15/ChNF-xB pathway
and then triggered activation of the ChNLRP3/ChIL-1p
pathway, and the ChTLR15/ChNF-kB-ChNLRP3/
ChIL-1B signaling pathway axis contributed to the
inflammatory responses to Eimeria infection. Chicken
embryo fibroblast (DF-1) cells have been extensively
used to study the invasion of Eimeria sporozoites and
innate immune responses. Therefore, DF1 cells were
used to elucidate the sporozoite-specific activation of
the ChTLR15/ChNEF-kB pathway and further clarify the
positive relationship between ChTLR15/ChNF-«B and
the ChNLRP3/ChIL-1p pathway. RNAi and overexpres-
sion technology were employed to downregulate and
upregulate the expression of ChTLR15 protein, respec-
tively. The quantification of key molecules contained in
the ChTLR15/ChNF-kB and ChNLRP3/ChIL-1p path-
ways in DF1 cells was consistent with our expectations.
In experiments investigating the knockdown and over-
expression of ChTLR15, the dynamic change tenden-
cies of all molecules in the ChNLRP3/ChIL-1f pathway
corresponded with those in the ChTLR15/ChNF-«B
pathway, indicating that changes in ChTLR15 effec-
tively regulated the expression of key molecules in the
ChNLRP3/ChIL-1p pathway.

NLRP3 is an endogenous molecule, and the processes
of transcription, translation, activation and assembly
are carried out in the cytoplasm of cells [29]. Therefore,
Eimeria sporozoites cannot directly stimulate the acti-
vation of ChNLRP3 during invasion. It is possible that
the assembly of the ChNLRP3 inflammasome is initi-
ated by upstream molecules involved in certain sign-
aling pathways. The signal transduction pathways that
modulate inflammasomes are widely recorded, among
which NF-«kB is commonly accepted as responsible for
regulating the activation of the NLRP3 inflammasome
and IL-1P production [30, 31]. NF-kB is widely distrib-
uted in cells and participates in the regulation of the
expression of various genes, including inflammatory
and immune responses [30]. The in vitro results clearly
indicated that E. temella sporozoites specifically acti-
vated the ChTLR15/ChNF-kB pathway and then trig-
gered activation of the ChNLRP3/ChIL-1p pathway via
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crosstalk between ChNF-kB and the ChNLRP3 path-
way, which partially mediated inflammatory injury dur-
ing E. tenella infection.

It was previously reported that monocyte-derived
macrophages stimulated by heat-killed E. tenella
sporozoites displayed higher mRNA expression levels
of ChTLR15 than live sporozoites [7], which demon-
strated that certain heat-stable structural components
in sporozoites may be recognized by ChTLR15. Inva-
sion of host cells by sporozoites is a prerequisite for the
subsequent developmental stages of Eimeria parasites
in host epithelial cells. In our subsequent research, the
heat-stable structural component in sporozoites was
further explored. The present study provides a new
idea for preparing anticoccidial drugs based on the
identification of inhibitors of the ChTLR15/ChNF-kB-
ChNLRP3/ChIL-1f signaling pathway.
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